Time reversal-based indoor positioning system (TRIPS) is a promising technology for the centimeteraccuracy indoor positioning, since it exploits the rich multipath propagation in indoor environments as a specific signature for each location. In TRIPS, a database is first constructed via channel probing. Well-calibrated devices are usually assumed in this process, i.e., no hardware impairments. However, a low cost terminal to be located, whose typical impairment is the I/Q imbalance (IQI) at the front-end transmitter, can significantly influence the TRIPS performance. More specifically, IQI creates an interference image of the signal that reduces the metric value used in TRIPS and hence decreases the localization accuracy. In this paper, we analytically investigate the impact of the IQI on the metric of TRIPS. A closed-form approximation of the localization metric inherent to the IQI is derived. In order to improve the TRIPS performance, an effective IQI mitigation method is proposed. Numerical simulations are carried out to validate the derived analytical expression under the IQI impact and the proposed compensation method.
I. INTRODUCTION
A high accuracy indoor positioning system (IPS) is required to increase the quality of location-based information services, such as advertisement in smart markets, tourist guidance in museums, etc. Compared to the received signal strength (RSS)-based IPS, the channel impulse response (CIR)-based IPS can provide the localization accuracy in the order of tens of centimeters, i.e., fine-grained indoor fingerprinting system (FIFS) [1] , due to a better resistance to the non-line-of-sight (NLOS) condition. In order to better integrate IPS into emerging Wi-Fi systems, which is based on orthogonal frequency division multiplexing (OFDM) modulation, i.e., 802.11ac/ax, the channel frequency response (CFR) has recently been used in the IPS [2] . In combination with the time reversal (TR) technique, the CFR-based IPS can provide an accuracy of 10 cm within a 0.9 × 1 m considered area of a room.
The time reversal-based indoor positioning system (TRIPS) is composed of two stages: (i) offline database construction consisting of estimated CIR (or CFR) w.r.t. the logical positions of an area and (ii) online position estimation based on the correlation between the estimated CIR (or CFR) of a device to be located and the ones in the database. In order to reduce the cost of the user terminal (UT), the access point (AP) stores the CIR database for the localization. The reference terminal used in the first localization stage can generally assume to be hardware-impairment-free or well-calibrated. Unfortunately, it is not the case for the UT to be located. The I/Q imbalance (IQI), which represents the imbalance between the in-phase (I) and the quadrature (Q) branches in the up-down complex frequency conversion by the sinusoidal oscillators, is one of the major impairments in wireless systems. Compared to the ideal case (90 • phase difference and equal amplitudes between I and Q branches), the mismatch between the I and Q branches causes the IQI. The IQI and its influence on the wireless systems have been well investigated in the literature, i.e., [3] and references therein. Recently, we have investigated the IQI impact on the TRIPS performance in [4] , however, only by numerical characterization.
In this paper, we analytically study the IQI impact on the TRIPS system and propose a method to mitigate the IQI. More specifically, our contributions are of threefold:
• Derivation of a closed-form expression of the localization metric under the IQI impact. • Development of a simple and efficient IQI compensation method to improve the TRIPS performance. • Numerical validation of the derived expression and the proposed IQI compensation method. Notation: the underlined low-case and upper-case letters represent the column vectors of the time-domain and frequency-domain variables, respectively, the doubleunderlined upper-case letter represents a matrix; I Q is the Q × Q identity matrix and J Q is the Q × Q antidiagonal identity matrix, i.e., the first row of I Q is the Q-th row of J Q , the second row of I Q is the (Q − 1)th row of J Q and so on; Λ X is the diagonal matrix
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User terminal (UT) to be located whose diagonal entries are elements of the vector X; || · || 2 , (·) * , (·) H , (·) T , E[·], Cov[·] and tr{·} are the Euclidean norm, complex conjugate, Hermitian transpose, transpose, statistical expectation, co-variance and trace operators, respectively; and are the real and imaginary part operators, respectively.
II. IQI AND ITS IMPACT ON CHANNEL ESTIMATION
We consider the scenario, where the UT sends a request to the AP to identify its location ( Fig. 1 ). In the indoor environment, the widely-used Wi-Fi technology is based on OFDM modulation, which facilitates the estimate of CFR. In our case, a frequency-domain pilot symbol X of Q subcarriers is used to form a repetitive time-domain OFDM probing frame x by using inverse discrete Fourier transform (IDFT) of size Q, before being sent to the AP. The frequency-domain sequence X in the channel probing phase is constructed by a known uniformly distributed sequence of the binary-phase-shiftkeying (BPSK) modulation, i.e., {±1}, and of variance σ 2 X = 1. However, the UT front-end sufferring from IQI leads to the modified transmitted signalx as follows: x = µ · x + ν · x * , in which µ and ν are the coefficients dependent on the gain imbalance ε and the phase imbalance θ [5] µ = 1 + ε · e jθ 2 and ν = 1 − ε · e −jθ 2. (1)
After propagation through the channel and addition of a circularly complex white Gaussian noise (AWGN), the frequency-domain received signal can equivalently be written as:
Assuming that X is known at the receiver, the estimated CFR is given by
where vector Z stacks elements Z q defined as the ratio between the frequency-image of X q and the known symbol X q as follows
It can be seen that without IQI, i.e., µ = 1 and ν = 0, the estimated CFR logically reduces to H = Λ −1 X · R = H + Λ −1 X · W . Without compensation for the IQI, the estimated CFR is modified by an independent term that depends on the pilot sequence and on the image of the CFR and its consequence in TRIPS is studied in Section III.
III. TRIPS OPERATION AND METRIC
We study the indoor localization problem, in which the AP is located in an arbitrarily known location, whereas the position of the IQI-impaired UT needs to be identified. In the TRIPS system, in the first phase, we need to build offline a database that maps the physical geographical locations to the logical locations in the CFR space. After that, the CFR between the UT and the AP is estimated online based on the known sequence. Finally, the estimated CFR is compared to CFRs in the database and the one with the highest cross-correlation gives the information of the UT position. It is worth noticing that compared to the capacity of the current storage devices, the size of the fingerprinting database is relatively small. As an example, only 4.2 MBytes are required to store the database for a room of size 5.4 × 3.1 m [2] .
A. Localization Metric
Based on the knowledge of the channel probing sequence at the receiver, the CFR can efficiently be estimated based on (2) . In this paper, we use the frequency domain expression of the TR resonating strength in [2] as the localization metric to estimate the position of UT. To facilitate the subsequent derivation of the localization metric in the presence of the IQI, we assume that the time/frequency synchronization is perfect at the receiver and the localization metric is defined as follows [6] 
where H m denotes the CFR at the logical position m in the database. The logical positionm corresponding tô m = arg max m Ψ m is then transformed to the geographical information in order to identify the location of the UT. Note that, the interested readers can refer to [2] , [4] for the synchronization in TRIPS.
As mentioned in our previous work [4] , Ψ m takes values in the range [0, 1]. In the absence of the IQI, Ψ m is close to 1, when the estimated CFR between the AP and the UT matches the one represented to the position m in the database. However, in the presence of the IQI, the localization metric reduces, resulting in a high failure ratio of the positioning [4] . We will derive in the next Section a closed-form expression of the localization metric.
B. Localization Metric Analysis under the IQI Impact
Assuming that the considered position of the UT associated with the CFR G is matched with the desired position of the CFR H m in the database, ignoring the index m for sake of simplicity, we need to compute the following localization metric
The approximation in (5) is made possible using the first-order Taylor approximation of the expectation of a ratio. Based on the derivation in Appendix A, we obtain the closed-form approximation of the localization metric as follows
between the p-th and q-th CFR components (derived in Appendix B).
-At high SNRs: σ 2 W is close to 0, the localization metric Ψ high converges to the following expression
It can be observed that in the absence of the IQI, Ψ high = 1. In the presence of the IQI, Ψ high also represents the computable reduction of the localization metric, which is useful to predict the focusing gain reduction in TRIPS.
-At low SNRs: depending on the number of subcarriers Q, the contribution of the first summation term or the second noise-dependent term of both numerator and denominator of (3) becomes more dominant. However, at very low SNRs, the noise-dependent term in (3) becomes more dominant, so that the localization metric at low SNRs, Ψ low , is inversely proportional to the number of subcarriers, i.e., Ψ low 1/Q.
IV. IQI COMPENSATION IN TRIPS

A. Previous Studies
A lot of studies on IQI compensation have been reported for the communication systems in the literature. For example, the authors in [3] reported on an expectation-maximization-based IQI compensation algorithm that relies on the preambles of IEEE 802.11a Wi-Fi technology. However, the algorithm considers the compensation of receiver IQI. The authors in [7] proposed an IQI compensation algorithm based on the minimization of so-called channel residual energy. The algorithm can estimate either transmitter or receiver IQI, at a cost of a high computational complexity because the algorithm relies on the inversion of large-size matrix. Although the aforementioned IQI compensation algorithms can be applied in our case, we rather design a simple pilot structure that enables us to quickly estimate the CFR used in the TRIPS.
B. Pilot Design and IQI Compensation
Before describing the design of pilot symbols X, we first represent the received symbols in another form as: R = µ·Λ H X + α X +W , where α := ν/µ. Defining H := µ·H, the received symbols can further be rewritten as: R = Λ H X + α X + W . It can be observed that besides the additive noise W , the weighted frequencyimage symbols X make the CFR estimation inaccurate. We propose to design the pilot symbols such that the pilot-image subcarriers do not overlap with the active pilot subcarriers, i.e., X do not contribute to subcarriers bearing X. To do so, an asymmetrical pilot symbols allocation (compared to the central frequency) is carried out. It is made possible by progressively assigning the pilot symbols to subcarrier indexes with a step such that the total number of subcarriers Q is not divisible to the index step. As Q is usually a power of 2, to maximize the number of active subcarriers, the increasing index step is chosen to be 3. For example, when Q = 512, we set the active subcarriers indexes to be {4, 7, ..., 508}, the image symbols inherent to the IQI appear at respective subcarriers indexes {510, 507, ..., 6} that do not overlap with the active ones. Fig. 2 illustrates the pilot symbols assigment and the associated position of image symbols.
We define P and P as subsets stacking active and inactive (zero-symbol) subcarriers indexes, respectively. To facilitate notations, the selected symbols of a vector at subset indexes are presented as ones in a new vector with subscript named by the subset, i.e., the received active pilot symbols R P . Thanks to the proposed pilot design, the weighted CFR can easily be calculated as H P = Λ −1 X P · R P without any corruption from image pilot symbols.
The calculated CFR corresponding to subset P is then interpolated to compute the CFR associated with subset P, which is H P . The IQI parameter α is derived by
where Q 1 is the total number of inactive subcarriers indexes. From (1), it is easy to show that ν = 1 − µ * and from the definition of α, we can derive the IQI parameters as follows (the detail derivation is skipped due to space constraint)
The CFR can finally be estimated by H = 1/µ · H.
V. RESULTS AND DISCUSSION -Channel model:
A multi-path channel of type Extended Pedestrian A (EPA) [8] is used in simulations. Its power delay profile (PDP) is given in Table I . The overall channel power is normalized to unity for each channel realization. Each channel tap is assumed to be statistically independent from one to another. We consider a 512-subcarrier OFDM system, i.e., Q = 512. In order to focus on the IQI impact, the synchronization at the receiver side is assumed to be perfect. For each value of the signal-to-noise ratio (SNR), 1000 noise realizations are carried out to calculate the average value of localization metric. The numerical and analytical results are presented by the solid (or dashed) lines and marker symbols, respectively. Figures 3 and 4 present the average localization metric values as a function of the different received SNR values for different gain and phase imbalances, respectively. In both figures, the analytical results match numerical ones, confirming the correctness of our derivation. Under the impact of IQI, the localization metric reduces, leading to the reduction of TR focusing gain and hence the reduction of the localization accuracy [4] . Intuitively, it can be explained by the fact that the CFR under the impact of IQI makes it different to the original one. At high SNRs, the localization metric converges asymtotically to a value. At low SNRs, suprisingly the localization metric with the gain imbalance (Fig. 3) is slightly bigger than that without IQI. It is due to the estimated CFR magnitude strongly varies under the gain imbalance impact (as seen later in Fig. 5 ), making the chance of constructive combination with the high AWGN bigger (i.e., becoming more similar to the original CFR), compared to the case of no IQI, which has only destructive AWGN effect within the CFR estimation. However, the localization metric value at low SNRs is small (≤ 0.6).
-Validation of the proposed IQI compensation: Figure 5 presents the estimated CFRs when (ε, θ) = (2, 10 • ) and SNR = 15 dB. It is clearly seen that without IQI compensation, the estimated CFR using conventional pilot symbols strongly varies compared to the original one, while with the proposed IQI compensation, the estimated CFR is similar to the original one.
To verify the effectiveness of proposed IQI compensation, we calculated the mean-square-error (MSE) of the estimated IQI parameter µ as a function of SNRs (Fig. 6 ). It can be observed that MSE gradually improves with the increase of SNR. Thanks to the designed pilots, the estimated µ is disrupted only by the AWGN and not by the image-pilots. The IQI estimation can be improved further by using a bigger number of subcarriers or averaging over more OFDM symbols.
Finally, we investigate the localization metric improvement after the IQI compensation. Fig. 7 presents the localization metric as a functions of SNR with and without IQI compensation. It is clearly seen that even with the strong IQI values, i.e., (ε, θ) = (4, 20 • ), the localization metric can be brought back close to the one without IQI thanks to the proposed designed pilots. Consequently, TRIPS system can mitigate the positioning estimation error inherent to the IQI and hence improve the failure ratio of the positioning estimation [4] .
VI. CONCLUSION
We have studied the impact of IQI in the timereversal based indoor positioning systems (TRIPS). We have derived a closed-form expression of the localization metric in the presence of the IQI. The results showed that compared to the case of no IQI, the localization metric of TRIPS reduces in the presence of the IQI, leading to the increase of the positioning error. An efficient IQI compensation has been proposed and validated. It is shown that thanks to the IQI compensation, the localization metric values are brought back to the one in the case of no IQI, confirming the effectiveness of our proposed IQI compensation.
APPENDIX A
-Numerator derivation of (5):
Applying the law of total expectation, T 1 can be rewritten as
The inner expectation
can be further manipulated as follows
The third term of (11) is equal to 0, as E[ {W q }] = 0. We can straightforwardly derive E 1 as follows
Due to the fact that the random variable (RV) |H q | 2 has the probability density function (PDF) f X (x) = e −x [9] and E[|H q | 2 ] = 1, substituting (12) into T 1 , then T 1 can be rewritten as
Applying again the law of total expectation, E 3 is rewritten as
As CFR components are correlated, the conditional expectation and co-variance can be derived based on results in [10] :
where ρ q−p is the correlation between H p and H q derived in Appendix B. The inner expectation of (14) E 4 = E Hp|Hq |H p | 2 H q is derived by [10]
Substituting (15) into (14) and taking the fact that E |H q | 4 = ∞ 0 x 2 · e −x dx = Γ (3) = 2, where Γ(·) is the Gamma function, we can derive E 3 = 1+|ρ q−p | 2 := Θ pq . Finally, substituting the derived E 1 , E 2 and E 3 into T 1 , we obtain the derived numerator of (5) as in (6) . Similar to the derivation of T 1 , we first rewrite T 2 using the law of total expectation:
H . We then compute the inner expectation in the T 2 expression:
H , which is derived as follows
Substituting the previous derived expection E |H p | 2 |H q | 2 = Θ pq := 1 + |ρ q−p | 2 and the fact that E[|H p | 2 ] = 1 into (16), we can obtain the derived denominator of (5) as in (6) .
APPENDIX B
Considering a L-tap channel impulse response (CIR) h of the l-th tap variance: σ 2 h l = E |h l | 2 and assuming that the CIR taps are independent from one to another, i.e., E [h l h * m ] = 0 for ∀l = m, the p-th and q-th CFR components are H p = 1 √ Q 
